Recent theory and experiments have reported a reproducible tendency for the coexistence of mi-5 crobial species under controlled environmental conditions. This observation has been explained in 6 the context of competition for resources and metabolic complementarity given that, in microbial 7 communities, many excreted by-products of metabolism may also be resources. Microbial commu-8 nities therefore play a key role in promoting their own stability and in shaping the niches of the 9 constituent taxa. We suggest that an intermediate level of organisation between the species and the 10 community level may be pervasive, where tightly-knit metabolic interactions create discrete consortia 11 that are stably maintained. We call these units Metabolically Cohesive Consortia (MeCoCos) and we 12 discuss the environmental context in which we expect their formation, and the ecological and evolu-13 tionary consequences of their existence. We argue that the ability to identify MeCoCos would open 14 new avenues to link the species-, community-, and ecosystem-level properties, with consequences for 15 our understanding of microbial ecology and evolution, and an improved ability to predict ecosystem 16 functioning in the wild.
environmental conditions, including for example the controversial discovery of human enterotypes [24, 25] . a spatial gradient spanning 5 orders of magnitude, from 5m to 150km, into just 6 community classes. 1 Ref. [8] showed that there was significant spatial autocorrelation, implying an important role of stochas-2 tic processes, see Fig. 1B . Nonetheless, communities joined in these classes were often distant in space, 3 suggesting that β-diversity similarity likely driven by local environmental conditions, such as rain and 4 drought. Importantly, when a variety of ecological functions were quantified (respiration, ATP produc-5 tion or degradation of extracellular substrates), the community classes were associated with distinct 6 functional profiles. The classes also had differentiated genetic repertoires, pointing towards a relation 7 between ecological conditions and bacterial traits, and rejecting the hypothesis that the communities tree-holes can be classified into six classes (left bar-plots). The coloured surfaces of each bar represent the relative abundance of the most representative species (OTUs at >97% sequence similarity), being the total bar a 100%. (Right) Projection of the similarity of the communities into the first two principal coordinates of a Principal Coordinate Analysis. Significant spatial autocorrelation was found, which becomes apparent from the centroids of the locations were the communities were sampled (three letters boxes). However, the classes (labelled 1 to 6 and highlighted with elipsoids) bring a more economical classification with comparable significance, with their communities often sampled from different locations. In addition, communities classified in these classes have distinct functions and metagenomic repertoires, suggesting that local environmental conditions occuring in different locations rather than neutral evolution with dispersal limitation shape these communities. More details in Ref. [8] .
Once broad community classes have been identified, the next step is to predict a MC metabolome 12 from the information provided by its metagenome [28] [29] [30] , and then to step-down into the contributions of 13 constituent species have to predicted metabolome, and therefore their role in the function [29] . Neverthe- 14 We aim to understand microbial population dynamics, and link those dynamics to functioning via the 9 metabolisms of the community members. One avenue is to classify environments according to the qual-10 itative properties of the resources. We suggest there are three important axes: i) The effective number 11 of different resources, i.e. the heterogeneity of the environment. "Effective" is used here to distinguish 12 resources in terms of their molecular content. For instance, an environment containing chitin and cellu-13 lose, would have a lower effective number than chitin and phosphoric acid because the former pair has 14 a more similar composition. ii) The resource abundance iii) The stage of degradation, particularly the 15 compounds, degradation products, and energy that can be retrieved from each unit of effective resource.
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To illustrate these axis, in Fig. 2 there is a clear transition in the communities, likely mediated by the release of by-products that are now 25 acquired by secondary consumers. As a consequence, there is an increase in the number of microniches 26 and a consistent increase in the diversity of the community.
27
This example also illustrates that the three environmental axes we propose are not fully independent. 28 We observe that, as soon as the single abundant polymer present in the beginning is degraded, new 29 lower-energy resources are created, increasing their effective number, consistent with recent theoretical 30 results [39]. Therefore, we expect communities would display a single strategy when the environment 31 remains approximately constant in these three axes, for instance r-strategists in an environment rich in a 32 single complex nutrient, where density-dependent processes are not relevant [40, 41] . On the other hand, 33 we expect K-strategists to dominate a high diversity regime where density-dependent processes such as The qualitative picture presented brings a broad framework to understand community-level succession, 38 but the high predictability during community assembly, as shown in Fig. 2 , requires more explanation.
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To explain this observation, we follow Tilman's seminal results using consumer-resources models, which 40 predict that the outcome of two species competition for a single resource will be determined by the ability 41 of each species to deplete the resource when grown in isolation. When both species are grown in co-culture, 42 it is expected that the one depleting the resource to a minimum in isolation, will exclude the other in 43 co-culture [42]. As we have discussed above, this scenario rarely occurs in microbial communities because 44 the "winner" releases metabolic by-products that can be used by the "losing" species, which provides 45 the opportunity for coexistence if the outcompeted species is able to exploit this new niche [43, 44] . This 46 reasoning can be extended to a large number of species and resources. We suggest that one hypothesis that emerges from this observation is that the combination of species that maximally deplete resources 1 to a minimum will systematically dominate the community. A corollary is that such community will 2 optimize functions associated with the community-level metabolism, as recently shown for methanogenic To illustrate this point, we discuss a recent study investigating a consortium commonly found in the 9 production of kefir and wine formed by Sacharomyces cerevisiae and two Lactobacillus species (LAB: L. 10 lactis and L. plantarum). The two LAB species are auxotrophs of some amino-acids that are provided 11 by S. cerevisiae in nitrogen-rich environments [51]. In addition, when the carbon source is lactose, the 12 inability of S. cerevisiae to grow on this carbon source is compensated by a supply of glucose from L. 13 lactis [51]. Therefore, a mutualistic relationship between these species makes the consortium robust 14 against fluctuations in the available amino-acids or carbon sources in the environment. This occurs 15 through a niche created from overflown metabolism [51], which may rapidly result in a stable consortium. 16 Therefore, niche self-construction would be an expected ecological consequence of the collective reduction 17 of environmental (i.e. resource) fluctuations. 18 We call this kind of community organisation a Metabolically Cohesive Consortium (MeCoCo), which 19 is a type of consortium that exhibits a positive feedback loop, where the consortium engineers the environ-20 ment by altering resource abundances, and stabilise its dynamics. Members of MeCoCos are specialised 21 as a whole, and effectively minimise competition within the consortium and exclude resource generalists 22 by lowering resource abundances through their combined action. We conjecture that the formation of 23 MeCoCos may be common in natural communities, and would be a parsimonious explanation for the ob-24 servation of clustered community compositions at broad scales (Fig. 1) , and the predictable successional with simulations that stable consortia often emerge in complex communities containing large population 7 sizes or high mutation rates [52] , in which evolutionary events in the population may occur faster than the 8 time that the population has to equilibrate the ecological dynamics. These consortia can then spatially 9 spread, outcompeting resident communities. Therefore, the ecological dynamics has a strong influence on 10 the environment in the MeCoCo hypothesis. For large population sizes or low immigration rates we may 11 expect that species rapidly coevolve towards the emergence of efficient consortia. This possibility would 12 relax the necessity of finding the specific environmental requirements or a specific combination of species 13 since we would expect MeCoCos to be the outcome of complex communities competing for resources that 14 are gradually degraded.
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Empirical evidence of MeCoCos
16
There is a large body of literature reporting the stable coexistence of species pairs through cross-feeding, 17 with metabolic and physiological mechanisms thoroughly described in [53, 54] and [55] respectively, and 18 hence will not be discussed here. In vitro experiments with larger consortia can be found with genetically 19 modified strains such as in [13] , and through the generation of auxotroph strains [56] . It is challenging 20 to create synthetic assemblages of more complex communities because it is difficult to generate the . 33 We illustrate the prominence of MeCoCos by expanding the alginate-particle experiment shown in 34 Fig. 2 to also include particles made of agarose or a mixture of agarose and alginate ( Fig. 3 ) (Ref.
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[37]). We observed highly reproducible dynamics in all three conditions, with a shift in the composition substrates particles ( Fig. 3 left and middle) [37]. We note that the communities occupying the particles 43 were composed of just a few genera, which would be our candidates for MeCoCos in this dynamical 44 environment, with most of the genera involved in more degraded substrates.
45
In examples including the dental plaque ecosystem, it is necessary for the community members to 
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Ecological consequences of MeCoCos 4
An important corollary to the MeCoCo hypothesis is the prediction that these consortia are stable against 5 invasions because no other species would be able to uptake the necessary nutrients at a sufficiently high 6 rate to coexist with the established members. There is a growing body of results in this direction, 7 highlighting the importance of metabolic interactions to shape stable communities [69-71].
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If MeCoCos are stable structures that resist invasion, it would be possible to understand microbial 9 ecosystems in terms of MeCoCo building blocks. To illustrate this point, we outline a hypothetical 10 example in which we consider groups of species with similar metabolic capabilities (see Fig. 4, left) , which 11 we call functional groups because this is the definition of function that we have adopted here. In this 12 example, we would typically expect competitive interactions within these functional groups (represented In general, the framework proposed would move the emphasis from species to MeCoCos, and in so 6 doing would reduce the complexity in predicting the outcome of coalescent events, allowing coalescense to 7 be modelled with population dynamics models at the MeCoCos level. In Fig. 4 we show how the MeCoCo 8 structure leads, in terms of an interaction matrix, to a block structure similar to the one found for trophic 9 or mutualistic macroscopic systems. This would allow us to simplify these systems to reasonable levels The dominant community is the one that depletes resources to a minimum, which we assume is related with the number of realised metabolic (complementary) links (continuous lines connecting species). The orange species may be understood as community-level "metabolic switches" that determine the outcome of the dynamics.
be governed by effective population sizes. Low N e would favour genetic drift and hence the appearance of 1 genomic structures that cannot be purged by selection, like pseudogenes. If we consider that the formation 2 of MeCoCos in natural environments is frequent, we hypothesise that their members have large N e , in 3 which case the selection pressure is larger and the loss of genes should have a more immediate selective 4 advantage.
5
Another scenario in which widespread loss of genes has been observed is in oligotrophic environ- This study was motivated by the need to simplify the extraordinary complexity of microbial life 5 that has been discovered in natural systems so that we can predict and control ecosystem functioning.
6
The idea that much microbial life lives off metabolic biproducts produced by other microbes is as old Winowgradski columns. We believe a refinement of this view is warranted-that functions are ultimately 9 driven by self-selecting consortia, driven by the way in which microbes exploit and modify their surround-10 ing environment. Identification of MeCoCos using the wealth of genomic data currently being generated 11 would pave the way for both a simpler and more mechanistic understanding of the link between microbial 12 dynamics and the functioning of ecosystems.
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Methods
14
Data were retrieved and processed following [5] ( Fig. 1) 
